INTRODUCTION
============

Unsupported hydrotreating catalysts are complex mixtures of transition metal sulfides that may have synergistic and antagonistic interactions among different phases. For Mo-based catalysts, the major constituents are pure MoS~2~, a Ni/Co-containing MoS~2~ phase having Ni and Co incorporated at the perimeter of the MoS~2~ crystals, and a variety of sulfides of Ni and Co. The promoting effects of Co and Ni are typically attributed to their selective incorporation at the MoS~2~ slab edge and to the associated generation of sulfhydryl (SH) groups ([@R1]--[@R3]).

While these sites are active for hydrogenation (HYD) and hydrodefunctionalization reactions \[hydrodesulfurization (HDS) and hydrodenitrogenation\], nickel or cobalt metal sulfides (e.g., NiS*~x~*) have only sites with much lower activity ([@R1], [@R4], [@R5]). Although these latter phases do not notably contribute to HYD and hydrodefunctionalization, they may adversely affect the catalytic performance by adding inert mass and blocking active sites at the MoS~2~ perimeter. This complicates the evaluation of structure-function relations ([@R6]), as it obscures relations between chemical compositions, concentrations of active sites, and catalytic activity.

Segregation into inactive phases is especially severe for unsupported sulfides, because sulfides with high catalytic activities require concentrations of promoter metal loadings that inevitably lead to segregation into inactive phases. To unblock active sites, postsynthetic removal of the confounding phases is a promising alternative. Phase diagrams (fig. S1) indicate for Ni-Mo systems that this can be achieved via concentrated acid treatment, selectively dissolving catalytically inactive forms of Ni, whereas Ni-associated active sites and the overall catalyst structure composed of stacked MoS~2~ slabs appear to be unaffected ([@R7]--[@R10]).

In the present study, we report on acid extraction as a preparative tool to obtain well-defined Ni-Mo sulfide catalysts that have an exceptionally high site-specific activity for hydrogenative desulfurization. These cleaned mixed sulfides also allow us to relate nature and concentration of active sites to catalytic properties and to corroborate recent insight into active sites ([@R11]).

RESULTS AND DISCUSSION
======================

Selective removal of Ni sulfides
--------------------------------

Ni-promoted parent MoS~2~ catalysts were prepared via hydrothermal synthesis and were subsequently treated with concentrated HCl (pH = −1) to remove Ni sulfides (NiS*~x~*). This treatment is named "leaching" or "acid treatment" in this paper.

Ni sulfides are not stable in highly acidic solutions (pH \< 0) ([@R12]). We observed dissolution of NiS*~x~* when exposing the mixed sulfide catalysts to concentrated HCl, visible by a greenish color of the solution due to the formation of aqueous Ni^2+^, as well as by H~2~S evolution. A substantial reduction (on the order of 20 to 30%) of the mass of the acid-treated catalysts was observed, while the MoS~2~ component remained unmodified. This was verified by exposing MoS~2~ to the identical treatment without observing significant mass loss, H~2~S evolution, coloration of the solution ([@R13]), or a change in catalytic properties. This shows that MoS~2~ is effectively inert even in strongly acidic solutions, as long as oxidants are absent (fig. S1).

X-ray diffraction (XRD) patterns before leaching (fig. S2A) show characteristic broad reflections of polycrystalline MoS~2~ (2θ ≈ 14°, 33°, 40°, and 59°), accompanied by sharp reflections in the range of 2θ = 27° to 60° assigned to Ni subsulfides Ni~3~S~2~ and Ni~9~S~8~ ([@R6], [@R14]--[@R17]). An approximate calculation of the S/Ni ratio (S/Ni = 0.83 to 1.21) shows that NiS*~x~* phases with *x* \> 1 (e.g., NiS~2~ and Ni~3~S~4~) might also be present. Note, however, that the estimated S/Ni ratio may also include (x-ray) amorphous forms of NiS*~x~* or NiS*~x~* present at low concentrations that are not visible by XRD.

The elemental composition (table S1) of the parent catalysts was uniform, with S/(Ni + Mo) atomic ratios of about 1.5 and Ni/(Ni + Mo) atomic ratios of 0.48 to 0.60. The composition changed substantially after exposure to concentrated HCl. The atomic metal fraction of Ni, Ni/(Ni + Mo), decreased from 0.48 to 0.60 before leaching to 0.20 to 0.26 after leaching, i.e., somewhat smaller than the typical optimum of 0.3 to 0.4 in supported sulfides ([@R1], [@R2], [@R18]). Note, however, that the Ni/(Ni + Mo) ratio in most supported catalysts also includes Ni atoms that are not associated with MoS~2~, such as cations in spinels formed with the Al~2~O~3~ support ([@R1]). The "effective" Ni/(Ni + Mo) ratio may, thus, be lower than 0.3 to 0.4 and is speculated to be close to the values of the leached catalysts.

The extensive loss of Ni (69 to 77%) was accompanied by a moderate, yet substantial, loss of sulfur (13 to 28%), whereas the concentration of Mo was not affected. These changes were also reflected in the x-ray diffractograms (fig. S2B). The NiS*~x~* reflections disappeared almost completely, while contributions of MoS~2~ remained essentially unchanged (broad reflections at 2θ ≈ 14°, 33°, 40°, and 59°), suggesting that the structure of MoS~2~ was retained after acid treatment. This is confirmed by particle size analysis via transmission electron microscopy (TEM) and XRD line broadening, which both suggest similar crystalline dimensions of the primary MoS~2~ domains before and after treatment (table S1).

While the dimensions of the primary MoS~2~ domains were barely affected by leaching, fundamental changes in the overall morphology were observed. Scanning electron micrographs (SEMs) of the catalysts before acid treatment showed two major structural features ([Fig. 1A](#F1){ref-type="fig"}; see fig. S3 for supplementary micrographs). The bulk of the material consisted of rod-shaped structures of about 100 nm in diameter and 0.5 to 2 μm in length, intermixed with randomly distributed, compact particles of irregular shape and sizes no larger than 200 nm. These compact particles were absent after acid treatment ([Fig. 1B](#F1){ref-type="fig"}), and their sizes in the parent materials agreed with those of the NiS*~x~* domains as determined by XRD (about 75 to 150 nm). Thus, we assign the compact, irregular particles to segregated NiS*~x~*.

Accordingly, we assign the refractory rod-like structures to a MoS~2~-rich phase, likely containing the remaining Ni (Ni-Mo-S phase). The NiS*~x~* particles visible in SEM were primary crystallites, while the rod-like MoS~2~ phase is a secondary structure, composed of nanometer-sized MoS~2~ domains ([Fig. 1E](#F1){ref-type="fig"}). We would like to point out that the rod-like morphology was already present in the oxide precursors ([Fig. 1D](#F1){ref-type="fig"}) and was retained throughout sulfidation and acid treatment. These structural features seem to be common for hydrothermally prepared MoS~2~ ([@R14], [@R19]).

In the case of NiMo-4, we observed leaching-resistant agglomerates of 10- to 50-nm particles ([Fig. 1F](#F1){ref-type="fig"}), a structural feature that was not present in the other catalysts, in addition to the previously discussed MoS~2~ rods and compact NiS*~x~* crystals. Because of their refractory behavior in acidic solution, we conclude that the agglomerates are not entirely composed of NiS*~x~*. We speculate that these entities are either MoS~2~ particles with an atypical morphology or Ni sulfides encapsulated by MoS~2~ ([@R20]).

![Electron micrographs.\
(**A**) SEM of NiMo-3 before leaching with enlarged view below showing MoS~2~ rods and compact NiS*~x~* particles in false color. (**B**) SEM of NiMo-3 after leaching showing only MoS~2~ rods. (**C**) SEM of NiMo-1 after leaching with enlarged view below showing corrugated surface of MoS~2~ rods. (**D**) MoO~3~ catalyst precursor used in hydrothermal synthesis. (**E**) Transmission electron micrograph of sulfided NiMo-3 after acid treatment. (**F**) SEM showing agglomerates of unidentified fine particles on NiMo-4 before leaching.](aax5331-F1){#F1}

Acid treatment led to substantially increased specific surface areas and pore volumes in the first three catalysts (table S1). This textural improvement is attributed to the uncovering of pore openings and corrugated surface regions previously blocked by NiS*~x~* ([Fig. 1C](#F1){ref-type="fig"}). Specific surface areas were roughly doubled by acid treatment for all but NiMo-4-p, for which specific surface area and pore volume were not significantly affected.

Based on elemental composition, XRD, TEM, and SEM, we conclude that segregated NiS*~x~* is removed selectively without affecting the structural integrity of the MoS~2~-rich constituent. We speculate that the acid-resistant Ni is incorporated in MoS~2~.

Interatomic coordination
------------------------

Extended x-ray absorption fine structure (EXAFS) at the Ni K-edge indicates a similar NiS*~x~* phase mix in all of the parent catalysts (table S2), which is consistent with XRD results (table S1). Because the spectra ([Fig. 2](#F2){ref-type="fig"}) could be modeled satisfactorily using only Ni-S and Ni-Ni scattering paths (table S3), we hypothesize that the fraction of Ni atoms in the promoted Ni-Mo-S phase is small compared to the number of Ni atoms in segregated Ni sulfides (see fig. S4 for the complete set of spectra in *k*- and *R*-space). This is supported by the analysis of chemical composition before and after leaching (table S1), which suggests that more than 70% of Ni in the parent samples is present as acid-leachable Ni sulfides. After leaching, by contrast, we found that a Mo scatterer at 2.86 Å was required to fit the data. This is in good agreement with literature reports ([@R16]--[@R18], [@R21]--[@R25]) and also with the overall picture drawn by the other characterization techniques, i.e., as most of the segregated NiS*~x~* is removed during acidic treatment, Ni-Mo contributions from the promoted Ni-Mo-S phase become more predominant in relation to contributions from NiS*~x~*.

![Results of XAS at the Ni K-edge and structural model.\
(**A**) Top row: Magnitude (black) and imaginary part (gray) of the *k*^3^-weighted Fourier transform before leaching (left) and after leaching (right) with best fit (dashed line). Bottom row: *k*^3^-weighted EXAFS and best fit (dashed line) before (left) and after leaching (right). The distance between two vertical tick marks is 5 Å^−3^ (*k*-space) and 5 Å^−4^ (*R*-space). See fig. S4 for EXAFS of NiMo-1, NiMo-2, and NiMo-4. (**B**) Top: Normalized near-edge absorption (*E*~0~ = 8333 eV) of Ni-Mo sulfide catalysts, Ni~3~S~2~, and Ni metal. The inset shows an enlarged view of the pre-edge. Arrows highlight features discussed in the text. Bottom: Derivative of normalized absorption of Ni~3~S~2~, NiMo-3-p, and NiMo-3-L. Continuous and dotted lines correspond to parent and leached samples, respectively. (**C**) Proposed local environments of Ni derived from EXAFS results. Single Ni atom incorporated at the metal edge and neighboring Ni atoms incorporated at the sulfur edge of MoS~2~ shown from different perspectives \[two-dimensional (2D) projections to scale, 3D representation schematic\]. The numbers indicate the distance to the Ni absorber in Å (absorber denoted with asterisk).](aax5331-F2){#F2}

In addition to the appearance of a Ni-Mo contribution, we also found that the average Ni-S distance was significantly and consistently smaller after leaching (2.22 Å compared to 2.26 Å). This distance is too short for crystalline Ni sulfides (table S3) and shows that a substantial part of the Ni atoms in acid-treated catalysts is not located in segregated NiS*~x~* phases. In agreement with reports on supported sulfides ([@R21], [@R23], [@R24]), we conclude that the short Ni-S bonds are associated with the Ni-Mo-S phase. [Figure 2C](#F2){ref-type="fig"} shows a possible configuration of Ni at the metal edge of MoS~2~ that is consistent with the observed EXAFS parameters (see also table S2 and accompanying discussion).

Leaching-associated changes were also noticed in the Ni-Ni coordination, which appeared at a significantly larger average distance of 2.63 Å instead of 2.56 Å in the parent sulfides (table S2). The fact that Ni-Ni scattering was still observed after leaching could indicate that some NiS*~x~* phases persisted after HCl treatment. On the other hand, Ni-Ni scattering is not necessarily associated only with segregated Ni sulfides and could also originate from neighboring Ni atoms in Ni-Mo-S. One example of a dinuclear Ni-Ni entity that is consistent with the present EXAFS analysis is shown in [Fig. 2C](#F2){ref-type="fig"} for the sulfur edge (see also table S2 and accompanying discussion). Based on density functional theory calculations, these Ni-Ni pairs were proposed and predicted to be stable ([@R26], [@R27]). The suggested structure at the sulfur edge closely resembles the main structural motif of naturally occurring NiS ("Millerite").

Analysis of the near-edge structure (x-ray absorption near-edge structure) highlighted further important differences between parent and leached sulfides. Both the intensity of the pre-edge feature (1s-3d transition) and the edge energy were found to qualitatively correlate with the NiS*~x~* content ([Fig. 2B](#F2){ref-type="fig"} ). The pre-edge signal at approximately 8332 eV was most intense in the Ni~3~S~2~ reference, followed by the parent catalysts, and finally by the leached catalysts, in which it was barely noticeable. This sequence reflects the fact that tetrahedrally coordinated Ni, such as in Ni~3~S~2~, typically exhibits a more intense pre-edge than Ni in Ni-Mo-S ([@R24]). The gradual weakening of the pre-edge in the sequence Ni~3~S~2~ \> NiMo-p \> NiMo-L was accompanied by a blue shift in the edge energy following the same sequence and pointed to changes in the overall electron density of Ni. The gradual shift suggests that the average oxidation state of Ni increases as edge-incorporated Ni atoms become more and more significant in concentration compared to NiS*~x~* (a mixture of phases with formal oxidation states +1.3 to +2).

Distribution of Ni among active and inactive phases
---------------------------------------------------

To analyze the distribution of Ni among active (Ni-Mo-S) and inactive (NiS*~x~*) phases, we compare the total Ni content to the maximum concentration of Ni that could be theoretically incorporated at the edges ([Fig. 3E](#F3){ref-type="fig"}). The latter is given by the number of edge metal atoms and may be estimated from TEM data using a geometric model (see Supplementary Methods). The analysis of the parent catalysts shows that much more Ni is present than potential sites that exist at MoS~2~ edges ([Fig. 3E](#F3){ref-type="fig"}). Even after acid treatment, the residual amount of Ni exceeds that of available edge positions. If we further consider that usually not all edge sites can be occupied by Ni, the discrepancy becomes even more pronounced. Thus, we reason that leached catalysts also contain some segregated Ni sulfides or small NiS*~x~* clusters.

![Ni distribution among active and inactive phases.\
(**A**) Representative SEM micrograph and (**B**) schematic representation of NiMo-3 before leaching, showing secondary rod-like MoS~2~ phase intermixed with crystalline NiS*~x~*. (**C**) Enlarged cross section of the corner of one rod-like particle before leaching. (**D**) Cross section after leaching. (**E**) Comparison of total amount of Ni present in the catalysts ("Ni total" determined via elemental analysis) with amount of available edge positions ("Metals at edge" determined via TEM) before and after leaching.](aax5331-F3){#F3}

Thus, we conclude that the removal of NiS*~x~* was not quantitative. This raises the question about the nature of these acid-resistant NiS*~x~* phases. While XRD showed that Ni sulfides were absent after leaching (fig. S2), the remaining NiS*~x~* might exist as x-ray amorphous domains. However, as Ni sulfides are readily soluble in concentrated HCl, these acid-resistant NiS*~x~* phases are concluded to be at inaccessible locations, for example, within the rod-like structures ([Fig. 3, A to D](#F3){ref-type="fig"}) or in the form of MoS~2~-coated particles ([@R5]). Being confined by the densely packed MoS~2~ matrix, the size of such NiS*~x~* domains may be rather small. EXAFS of leached samples (table S2) supports the hypothesis of internal NiS*~x~* reservoirs by showing a Ni-Ni contribution similar to that of bulk Ni sulfides.

Having hypothesized that internal NiS*~x~* phases may be present after leaching, we are now in a position to estimate their proportion among the pool of Ni species (see Supplementary Methods and discussion of table S4). For this, we compare the amount of edge-incorporated Ni to the total amount of Ni in the catalysts. We used nitric oxide (NO) chemisorption to determine the concentration of Ni atoms at the accessible surface, which we then extrapolated to the inaccessible bulk of the material. The implicit assumption is that NO adsorbs predominantly on Ni-associated edge sites and that MoS~2~ domains in the bulk ("internal MoS~2~"; [Fig. 3D](#F3){ref-type="fig"}) have the same degree of edge substitution by Ni as those at the accessible surface ("accessible MoS~2~"; [Fig. 3D](#F3){ref-type="fig"}). The results suggest that 24 to 40% of Ni atoms in the leached catalysts are incorporated in Ni-Mo-S (table S4), while the remainder of 60 to 76% exists as inaccessible NiS*~x~*. The corresponding figures for the parent catalysts indicate a much lower incorporation of Ni, with only 8 to 10% of all Ni atoms located at MoS~2~ edges. This is fully consistent with the conclusions from EXAFS, suggesting that the contribution of edge-incorporated Ni atoms before leaching was masked by the much more predominant NiS*~x~* phase mix.

As for the degree of edge substitution by Ni, we determined values of 31 to 43% for three of the leached catalysts, which is in good agreement with typical maxima reported in the literature ([@R28], [@R29]). In the case of NiMo-4-L, the calculated edge substitution degree was substantially higher than in the other catalysts (78%). Alternatively, this large value could indicate that the fraction of edge metal atoms (derived from TEM) was underestimated because particularly small MoS~2~ particles may be present in this material. [Figure 1F](#F1){ref-type="fig"} shows a very heterogeneous distribution of secondary structures, i.e., rods and agglomerates, for this particular sample.

Dibenzothiophene hydrodesulfurization
-------------------------------------

Having shown that accessible Ni sulfides are removed selectively by acid treatment, we now discuss its catalytic consequences for the HDS of dibenzothiophene (DBT). The conversion of DBT follows two distinct pathways, HYD and hydrogenolysis \[also referred to as direct desulfurization (DDS) ([@R1], [@R30]--[@R32])\]. In DDS, C-S hydrogenolysis to biphenyl (BP) takes place first and aromatic ring saturation occurs later. In the HYD route, the initial step consists of a gradual saturation of one aromatic ring to yield 1,2,3,4-tetrahydro-DBT and 1,2,3,4,4a,9b-hexahydro-DBT (4HDBT and 6HDBT, respectively). This is followed by hydrogenolysis of the C-S bond to cyclohexyl benzene (CHB), which is then hydrogenated to the final product bicyclohexyl (BCH). Note that this sequence may contain other (short-lived) intermediates, such as the reactive thiol (CHB-SH) shown in [Fig. 4A](#F4){ref-type="fig"}, which we directly observed via mass spectrometry. Dihydrodibenzothiophenes \[a possible class of intermediates involved in both HYD and DDS ([@R33])\] or 2-biphenylthiol \[an intermediate formed after the cleavage of the first C-S bond along the DDS path ([@R33])\] was not detected.

![DBT HDS network and measured selectivities.\
(**A**) Reaction network. (**B**) Selectivity for DDS and HYD of DBT on Ni-Mo sulfide catalysts before and after acid treatment as a function of temperature \[trickle-bed reactor, 280° to 330°C, 5.0 MPa total pressure (H~2~), 1 weight % DBT in decalin, gas/liquid = 500 Nm^3^/Nm^3^, weight hourly space velocity = 1\]. mol %, mole percent.](aax5331-F4){#F4}

The main products under most conditions were BP and CHB. Relevant concentrations of partially hydrogenated intermediates (4HDBT and 6HDBT) were only observed at low conversions and temperatures \<290°C, while the fully saturated product, BCH, was never observed in significant concentrations. On parent and leached MoS~2~, we also observed a CHB-SH intermediate (with the SH group at the aromatic ring) at low conversions and temperatures. The parent catalysts converted DBT predominantly via the HYD pathway ([Fig. 4B](#F4){ref-type="fig"}). With increasing temperature, the selectivity to DDS increased substantially but never exceeded that of HYD. This preference contrasts that observed for supported catalysts \[e.g., \~90% DDS and \~10% HYD on a sulfided Ni-Mo/Al~2~O~3~ sample; see table S5; see also ([@R33]--[@R35])\]. Varying the residence time at 330°C resulted in constant DDS and HYD selectivity over the whole range of DBT conversions (\<45%) on MoS~2~ and Ni-Mo sulfides (fig. S5). Thus, the product distribution in the present analysis only depends on the temperature and is not affected by the simultaneous changes in DBT conversion, i.e., the selectivities of different catalysts at a specific temperature can be compared directly.

The product distribution in the whole temperature range was very similar on all parent Ni-Mo sulfide catalysts (for example, *S*~HYD~  =  62 to 69% and *S*~DDS~  =  31 to 38% at 330 °C). This implies a similar composition of active sites, i.e., a similar distribution of Ni among DDS- and HYD-selective sites. At the same time, however, substantial differences in the distribution of Ni among active (edge-incorporated Ni) and inactive (NiS*~x~*) phases must exist. We conclude this from the considerable variations in HDS activity (*r*~HDS~ = 1.5 to 6.9 mmol g^−1^ hour^−1^; [Table 1](#T1){ref-type="table"}), which does not track the almost constant Ni content (7.0 to 8.8 atomic %; table S1). This discrepancy arises because mass-specific activity is determined not only by the concentration of incorporated Ni but also by the proportion of inert mass (NiS*~x~*) and to the extent NiS*~x~* blocks active sites.

###### Initial DDS and HYD reaction rates and apparent energies of activation.

  -----------------------------------------------------------------------------------------------------------------------------------------
  **Catalyst**   **Initial rates**\                                     ***E~A~***\                                               
                 **(mmol g^−1^ h^−1^ or mol mol~Mo~^−1^ hour^−1^)\***   **(kJ mol^−1^)^†^**                                       
  -------------- ------------------------------------------------------ --------------------- ------------- ---------- ---------- ---------
  NiMo-1-p       1.5 (0.36)                                             0.58 (0.14)           0.96 (0.22)   152 ± 4    177 ± 4    140 ± 5

  NiMo-2-p       1.4 (0.34)                                             0.46 (0.12)           0.89 (0.22)   164 ± 5    239 ± 12   145 ± 6

  NiMo-3-p       2.6 (0.49)                                             1.0 (0.19)            1.6 (0.30)    153 ± 10   176 ± 12   142 ± 9

  NiMo-4-p       6.9 (2.02)                                             2.1 (0.63)            4.7 (1.39)    151 ± 4    205 ± 9    136 ± 4

  MoS~2~-p       2.5 (0.39)                                             0.46 (0.07)           2.0 (0.32)    --         --         --

  NiMo-1-L       2.3 (0.41)                                             0.83 (0.15)           1.5 (0.26)    147 ± 5    174 ± 8    135 ± 5

  NiMo-2-L       2.9 (0.53)                                             1.1 (0.20)            1.8 (0.33)    157 ± 5    220 ± 12   138 ± 5

  NiMo-3-L       4.5 (0.86)                                             1.6 (0.30)            2.9 (0.56)    144 ± 3    170 ± 5    134 ± 3

  NiMo-4-L       11.0 (2.23)                                            3.7 (0.73)            7.7 (1.50)    156 ± 4    214 ± 8    139 ± 4

  MoS~2~-L       2.4 (0.39)                                             0.41 (0.07)           2.0 (0.32)    --         --         --
  -----------------------------------------------------------------------------------------------------------------------------------------

\*Initial rates (± 5%) at 330°C; values outside and in the parentheses are normalized to the catalyst mass and to the total amount of Mo, respectively.

†Temperature range: 280° to 330°C.

The mass-specific rate increased by a factor of 1.6 to 2.3 after leaching, which exceeds the sole effect of mass loss (fig. S6A). Assuming that all sites are equally active, we estimate the fraction of sites blocked by NiS*~x~* in the parent catalysts to be between 0.05 and 0.46. A correlation between the fraction of removed mass and the extent of site unblocking was not observed (fig. S6B).

Despite the marked effect on reaction rates, the product distribution was essentially unchanged after acid treatment ([Fig. 4B](#F4){ref-type="fig"}), which implies that DDS and HYD pathways were enhanced by the same factor. This leads to the conclusion that newly exposed and preexisting active sites are identical. Acid leaching also did not significantly alter activation energies (*E~A~*), as shown in the parity plot in fig. S7.

Activation energies ([Table 1](#T1){ref-type="table"}) for the HYD pathway were consistently lower than those of the DDS pathway, which agrees with the fact that the rate-determining step differs between the two pathways. It is noteworthy that *E*~*A*,HYD~ was nearly identical, whereas *E*~*A*,DDS~ showed considerable variations among different catalysts ([Table 1](#T1){ref-type="table"}). While the *E*~*A*,HYD~ values (134 to 139 kJ mol^−1^) indicate a corresponding uniformity of HYD-selective sites, the *E*~*A*,DDS~ values vary in a relatively broad range, as multiple types of DDS sites differing in the steric environment and the basicity of the remaining S^2−^ anions in the vicinity of the vacancy exist at S- and Mo-edges ([@R36]). More studies are, however, needed to differentiate between these two options.

Structure-activity relations
----------------------------

Despite the complexity of active sites, agreement exists on the key roles of coordinatively unsaturated sites (CUS; or "sulfur vacancies") and SH groups. The most important function of CUS is to coordinate with the organic sulfur \[σ or η^1^(S) adsorption for DDS of less sterically hindered S-containing molecules\] while also providing a pathway for activating hydrogen and transiently forming SH. Hydrogen is provided by nearby SH groups for both DDS and HYD ([@R37]). We have recently highlighted the direct role of SH groups in aromatics HYD over supported sulfides and found that SH groups associated with Ni edge atoms exhibited a constant intrinsic activity independent of the overall composition of the catalyst ([@R11]). Applying this analysis, CUS and SH groups were quantified using NO chemisorption and steady-state H~2~/D~2~ isotopic exchange. We would like to point out that SH groups present under the conditions of NO chemisorption are likely to undergo NO/SH exchange and, thus, be titrated along with CUS. In the following, we choose to include these SH groups, converted to CUS, in the total CUS count unless otherwise specified. Total CUS concentration was calculated directly from NO uptake assuming dinitrosyl-type adsorption ([@R38], [@R39]), whereas SH concentration is represented indirectly by a proportional quantity, that is, H~2~/D~2~ isotopic exchange rates (IERs). Note that H/D exchange is directly involving SH, but CUS are part of the catalytically active site ([@R40]). Both methods are discussed in more detail in connection with table S6 and fig. S8.

The linear correlation between CUS concentrations and the IER values observed for the leached series of catalysts ([Fig. 5A](#F5){ref-type="fig"}) indicates that CUS are needed for H/D exchange. The absence of such a functional dependency for the parent samples demonstrates that a major fraction of CUS exist in an environment that does not have a large concentration of SH groups. We surmise that these are a fraction of CUS in NiS*~x~*. The direct proportionality suggests a fixed ratio between CUS and SH sites in the treated samples, as we have also observed with supported sulfide catalysts ([@R11]). Therefore, we used the CUS concentration (half of NO uptake) as a quantity for the concentration of active sites in the studied materials while noting that some of the CUS from nonpromoted sites contribute only to a minor extent to DDS and HYD activities.

![Correlations between the reaction rates, IER, and the total CUS concentration.\
(**A**) IER as a function of total CUS concentration (normalized to total Mo content) as determined by NO chemisorption on parent (closed symbols) and leached catalysts (open symbols). Note that the factor 0.5 on the *x* axis results from assuming dinitrosyl adsorption at Ni-associated edge sites. (**B**) Initial DDS rate and (**C**) initial HYD rate normalized to surface area as a function of total CUS surface density in parent (closed symbols) and leached catalysts (open symbols).](aax5331-F5){#F5}

[Figure 5B](#F5){ref-type="fig"} shows DDS and HYD rates of parent and leached catalysts as functions of areal CUS concentrations. For the leached samples, a direct linear dependence of the rates was observed for both reaction pathways, DDS and HYD, substantiating the absence of accessible, inactive NiS*~x~* phases (i.e., they are located at inaccessible spaces as discussed earlier) that would distort the linearity. This suggests that the turnover frequency, based on total CUS, was identical for these samples, the one for DDS (70 hour^−1^) being about a factor of 2 lower than for HYD (140 hour^−1^). Similarly, CUS-normalized turnover frequencies were also estimated for the DDS and HYD routes over a sulfided Ni-Mo/Al~2~O~3~ catalyst (with a similar average slab length but a lower stacking degree than the bulk sulfides; see table S5). The turn-over frequency (TOF) of DDS was 97 hour^−1^, comparable to that obtained on bulk sulfides, whereas the TOF of HYD was only 9 hour^−1^, which was about 15 times smaller than that on bulk sulfides. The results suggest that the intrinsic catalytic activity of sites for DDS is rather insensitive to the variations in the geometric and electronic properties of the sulfide phase when changing the support (Al~2~O~3~ or the sulfide itself). In contrast, sites active for HYD appear to have a much greater structure sensitivity arising from support-induced variations in the ability to stabilize SH groups (originating from CUS) and the intrinsic activity of SH in mediating H-addition. We tentatively attribute this to the absence of Mo-O-Al linkages, leading to a higher polarity of metal-sulfur bonds and, thus, to an increased stability and concentration of SH groups. Apart from these considerations, it is worth noting that differences in stacking likely also contribute to the enhanced HYD activity of bulk sulfides ([@R20]). In particular, it is expected that flat adsorption of DBT (via dispersive interactions with the π-aromatic system) is possible on the multilayered sulfides while being at least unfavorable on monolayer-dominated Ni-Mo/Al~2~O~3~ (table S5).

Unpromoted MoS~2~ exhibited a substantially smaller areal concentration of CUS, consistent with its greater metal-sulfur bond strength (\>160 kJ mol^−1^) than those in NiS*~x~* (\<100 kJ mol^−1^) and the Ni-Mo-S phase (120 to 130 kJ mol^−1^) ([@R3]). While the much higher activity of Ni-Mo catalysts compared to that of MoS~2~ is well documented in the literature on HDS, we notice here that the difference in the TOFs between nonpromoted Mo sites and promoted sites was substantially smaller for the HYD pathway than for the DDS pathway ([Fig. 5, B and C](#F5){ref-type="fig"}). In this connection, we note that TOFs of HYD of aromatics, e.g., BP ([@R41]), decrease in a much less pronounced manner than TOFs of desulfurization reactions, with M-S bond energies increasing beyond the optimal values (120 to 140 kJ mol^−1^), i.e., going from Ni-MoS~2~ to MoS~2~. These observations seem compatible with the consideration that H-addition rates are jointly affected by M-S and S-H bond properties, in contrast to the rates of direct C-S cleavage that are mainly determined by the nature of M-S bonds ([@R3]).

CONCLUSIONS
===========

Acid treatment removes a large fraction of NiS*~x~* from Ni-Mo sulfide catalysts, leading to highly active materials, whose activity depends solely on the concentration of active sites consisting of CUS and SH groups. While most of the Ni after such treatment is incorporated in the Ni-Mo-S phase, the remaining fraction of NiS*~x~* exists in the interior of secondary MoS~2~ structures.

Unblocking of previously covered (sterically inaccessible) active sites and elimination of catalytically inert mass jointly increase HDS rates. After leaching, all Ni-Mo sulfides show the same TOF (CUS-normalized) for DDS and HYD (70 and 140 hour^−1^, respectively, at 330°C). The rate of the HYD pathway is substantially higher on bulk Ni-Mo sulfides than that observed on the Al~2~O~3~-supported catalyst, which showed much higher selectivity to DDS (\~90%). The relative rates for the two pathways are not affected by acid treatment, implying that uncovered sites have the same properties as those accessible in the parent bulk sulfides. The DDS turnover frequencies were nearly identical for bulk and supported Ni-Mo sulfides. Therefore, we conclude that reaction pathways for DDS are insensitive to support effects.

However, the HYD turnover frequency on the CUS-related active sites of bulk sulfides were more than an order of magnitude higher than that obtained for Al~2~O~3~-supported Ni-Mo sulfide catalysts. At present, we note two possible explanations for this unusually high rate. On the one hand, the absence of sulfide-Al~2~O~3~ interactions leads to a lower averaged Sanderson electronegativity and a higher polarity of the metal-sulfur bonds, altering the bonding of the reactants and the stabilization of reactive intermediates as well as the concentration of SH groups. On the other hand, we would like to point to the substantial morphological differences, in particular, stacking degree, and their implications for reactant adsorption. While these hypotheses require more investigations, the present study shows a promising guideline to maximize the catalytic activity in Ni-Mo-S--based catalysts especially for the HYD pathway, which is of central importance for the HDS of very heavy feedstocks.

MATERIALS AND METHODS
=====================

Catalyst preparation
--------------------

Mixed metal oxide precursors were synthesized by hydrothermal reaction ([@R15]) of molybdenum(VI) oxide (MoO~3~; Sigma; 99.5%) and nickel(II) carbonate hydroxide tetrahydrate \[2 Ni(CO~3~)~2~·3 Ni(OH)~2~·4 H~2~O; Aldrich; 45.0 to 52.5% Ni\] in a polytetrafluoroethylene (PTFE)--lined, stainless steel autoclave of 80-ml volume. Mo oxide was suspended in 50 ml of deionized water followed by the addition of Ni carbonate. The following amounts of Mo oxide and Ni-carbonate were used for NiMo-1, NiMo-2, NiMo-3, and NiMo-4: 1.92 and 0.82 g, 1.73 and 0.98 g, 1.44 and 1.22 g, and 1.15 and 1.47 g, respectively. After sealing the vessel, the reaction mixture was heated in a rotatory furnace (30 rpm) at a rate of about 10°C min^−1^ to 175°C and kept at this temperature for 17 hours. The autoclave was cooled to room temperature in a water bath and the solid material separated by filtration. After drying at 120°C (in air) for 12 hours, the yellow-greenish precipitate was ground to a fine powder and pressed into pellets of 255 to 350 μm diameter.

For sulfidation, about 500 mg of oxidic precursor was mixed with 1.5 g of SiC (ESK; 63 to 90 μm) and placed in a glass-coated, stainless steel tubular reactor of 4 mm internal diameter. The material was then dried for 1 hour at 120°C (ramp: 1°C min^−1^) under nitrogen flow at ambient pressure (100 ml min^−1^ g~cat~^−1^). Subsequently, nitrogen was replaced by hydrogen (200 ml min^−1^ g~cat~^−1^) and the pressure increased to 2.0 MPa. At the same time, a solution of DMDS (dimethyl disulfide; Aldrich; 99%) in decalin (Merck; 99%), adjusted to contain 8 weight % (wt %) sulfur, was introduced into the reactor at a rate of 0.4 ml min^−1^ g~cat~^−1^ and maintained until the end of the sulfidation procedure. During sulfidation, temperature was increased from 120° to 250°C at a rate of 1°C min^−1^ and kept at this temperature for 4 hours. This was followed by a final heating phase at 350°C (1°C min^−1^) for 2 hours. The gas/liquid flow and the pressure were maintained until the reactor was cooled to room temperature. The reactor was then successively purged with toluene, hexane, and nitrogen to fully remove any residues of the sulfidation feed. Last, the sulfided catalyst pellets were separated by sieving and stored under nitrogen until use. Catalyst samples denoted as "parent" (suffix "-p") were not treated any further.

In addition to the mixed Ni-Mo sulfides, MoS~2~ and Ni~3~S~2~ reference samples were included in the study. MoS~2~ was prepared by dissolving 8.29 g of ammonium heptamolybdate tetrahydrate \[(NH~4~)~6~Mo~7~O~24~·4 H~2~O; Merck, extra pure\] in 40 ml of water and adding 65 ml of aqueous ammonium sulfide solution \[20 to 24 wt % (NH~4~)~2~S; Aldrich; 99%\]. The mixture was stirred at 60°C for 1 hour and then cooled in ice for 3 hours. The red crystals of ammonium tetrathiomolybdate \[(NH~4~)~2~MoS~4~\] were washed successively with cold water and cold acetone and then dried in ambient air overnight at room temperature. The material was ground and pelletized to particles of 255 to 350 μm diameter. MoS~2~ was obtained by subsequent heating in hydrogen (100 ml min^−1^ g^−1^) to 400°C at a rate of 3 K min^−1^ and holding this temperature for 4 hours.

Ni~3~S~2~ was prepared by dissolving 10.9 g of Ni(II) nitrate hexahydrate \[Ni(NO~3~)~2~·6 H~2~O; Alfa Aesar; 99.9985% (metals basis)\] in 150 ml of water and slowly (1.5 hours) adding a solution of 6.00 g of sodium sulfide nonahydrate \[Na~2~S·9 H~2~O; Aldrich; 99.99% (metals basis)\] in 150 of ml water. The black precipitate was successively washed with water and acetone, dried overnight in vacuum, and pelletized to particles of 255 to 350 μm diameter. To obtain Ni~3~S~2~, the material was first heated to 300°C at a ramp rate of 3.3°C min^−1^ in H~2~S (10% in H~2~, 40 ml min^−1^ g^−1^) and held at this temperature for 3 hours. Then, the flow was changed to hydrogen (40 ml min^−1^ g^−1^), and the temperature was held for further 4 hours before naturally cooling to room temperature.

For acid treatment, a portion of the parent sulfide, approximately 200 mg, was placed in a wide beaker and the pellets were fully covered with about 10 ml of concentrated hydrochloric acid (Fluka; 37%, fuming, trace analysis grade). After 1 hour at room temperature, the greenish solution (colorless in the case of MoS~2~) was decanted and discarded before a new portion of HCl was added to the pellets. This procedure was repeated three times per sample. Subsequently, the pellets were washed several times with water and finally with acetone before being left to dry at room temperature in ambient air overnight. Samples subjected to acid treatment are denoted as "leached" (suffix "-L").

Characterization
----------------

Elemental analysis of sulfided catalyst samples was performed by acidic digestion and subsequent photometric determination using a Shimadzu UV-160 photometer (for Ni, Mo). An Elementar Vario EL combustion analyzer was used for C,H,N,S analysis. Textural parameters were determined by nitrogen physisorption using an automated PMI Sorptomatic 1990 instrument at liquid nitrogen temperature. The samples were outgassed in vacuum at 120°C for 2 hours before adsorption. Specific surface areas were obtained by applying Brunauer-Emmett-Teller (BET) theory on the adsorption branch of the isotherms.

XRD was performed on a Philips X'Pert Pro diffractometer in Bragg-Brentano geometry using Cu-Kα radiation (Kα~2~/Kα~1~ = 0.5) operating at 45 kV and 40 mA. XRD measurements were carried out using a rotating zero-diffraction plate (single crystal of Si cut in special orientation). The step size was fixed to 0.017°θ with a dwell time of 115 ms per step. Crystallite sizes were determined using the Scherrer equation (see Supplementary Methods).

SEMs were obtained on a JEOL JSM-7500F instrument using secondary electron detection and operating at an acceleration voltage of 1.0 kV. TEM was performed on a JEOL JEM-2011 instrument at an acceleration voltage of 120 kV. Before analysis, the samples were suspended in absolute ethanol and dispersed ultrasonically before being deposited on a carbon-coated copper mesh.

Hydrogen-deuterium isotopic exchange was carried out at 100°C, and ambient pressure in a fixed-bed reactor, which was attached to a mass spectrometer. The catalyst pellets, typically 100 mg, were placed in a quartz tube of 4 mm inner diameter and then resulfided in a flow of H~2~S (10% in H~2~, 100 ml min^−1^ g^−1^) by heating to 320°C (5°C min^−1^) and holding this temperature for 2 hours. During this procedure, desorption of water \[mass/charge ratio (*m*/*z*) = 18\] was noticed but no measurable uptake of H~2~S. After naturally cooling to room temperature, a 1:1 mixture of H~2~ and D~2~ in N~2~ was introduced into the reactor at varying total flow rates, while the ratio of the reactants was kept constant (17 volume % H~2~, 17 volume % D~2~, balance: N~2~). HD concentration was monitored using the signal at *m*/*z* = 3. Initial HD formation rate was calculated at conversions \<5% (H~2~ or D~2~) according to the following equation$$r_{\text{HD}} = \chi_{\text{HD}} \cdot \frac{{\overset{˙}{n}}_{\text{total}}}{m_{\text{cat}}}$$where χ is the molar fraction of HD, ${\overset{˙}{n}}_{\text{total}}$ is the total molar flow to the reactor, and *m*~cat~ is the mass of the catalyst.

NO chemisorption was carried out at ambient temperature and pressure following H~2~-D~2~ isotopic exchange experiments. While under constant He flow (100 ml min^−1^ g^−1^), a pulse of NO (10% in He) was dosed into the reactor every 30 min by an automated valve (24 pulses in total, 6.82 μmol of NO per pulse). Specific NO uptakes were calculated by subtracting each residual peak area (i.e., NO not adsorbed) from the averaged peak area after saturation with NO and adding up the differences. NO concentration was monitored using the signal at *m*/*z* = 30.

X-ray absorption spectra were collected at the P65 XAFS beamline at the PETRA III synchrotron light source at DESY (Deutsches Elektronen-Synchrotron) (Hamburg, Germany). All data were recorded in fluorescence yield mode at the Ni K-edge at 8333 eV using an Si (111) monochromator. Energy alignment was performed by using a metallic Ni foil placed behind the sample and measured at the same time (in transmission mode). The sulfided catalyst was diluted with boron nitride and placed in a quartz capillary of 1 mm inner diameter. To ensure complete sulfidation of the catalysts' surface, the capillary was then heated from ambient temperature to 350°C at a rate of 5°C min^−1^ and held at this temperature for 1 hour. A heated gas blower (Oxford Laboratories) was used for this purpose. Before resulfidation, the capillary with the catalyst was purged with He, after which the flow was changed to H~2~S (10% in H~2~) and maintained during the whole procedure. The spectra (8133 to 8883 eV) were recorded after cooling down to 30°C and purging with He. Four spectra were collected per sample, normalized to the absorption edge height, and averaged before further data treatment. Energy-dependent edge height normalization, merging of spectra, background subtraction, and self-absorption correction were done using built-in capabilities of the ATHENA software package ([@R42]). Absorption edge height was determined as the difference of extrapolated pre-edge and post-edge intensities. The *k*^3^-weighed spectra were then Fourier-transformed in the *k*-range of 3 to 10.5 Å^−1^ (parent) or 3 to 12.4 Å^−1^ (leached) and multiplied with a window function to avoid cutoff effects \[Hann function ([@R43]) of width 1 Å^−1^\]. The EXAFS was fitted using the ARTEMIS software package ([@R42]) with included IFEFFIT ([@R44]) functionality. Further details of the fitting model are explained in detail in the Supplementary Methods.

Kinetic measurements
--------------------

In a typical run, about 25 mg of sulfided catalyst pellets (parent or leached) was mixed with 1 g of SiC (63 to 90 μm) and placed in the tubular reactor described above. The reaction mixture was then fed to the reactor together with hydrogen at a total pressure of 5.0 MPa and a gas to liquid ratio of 500 (volumetric base). The liquid feed consisted of 1 wt % DBT (Aldrich; 99%) in decalin and 0.15 wt % DMDS (= 1000 ppm S). In temperature variation experiments, the weight hourly space velocity (WHSV) was kept constant at 1.0 hour^−1^. Where necessary (contact time variation), the WHSV was changed by adjusting the flow rate of liquid and gaseous reactants while keeping their ratio constant. After heating to reaction temperature (330°C at 1°C min^−1^), the catalyst was stabilized for a period of 12 hours, after which liquid samples were collected in periodic intervals (typically three samples per operating condition). The stability of the catalyst was verified by comparing the conversion at the beginning and at the end of one catalytic run at identical conditions.

Liquid reaction products were analyzed offline in an HP 6890 gas chromatograph equipped with a flame ionization detector and an HP-1701 fused silica capillary column (14% cyanopropyl-phenyl-methylpolysiloxane; 60 m by 250 μm by 0.25 μm). Quantification was performed by external calibration with solutions of reference compounds of known concentration. The carbon balance across the reactor was 97% or better in the studied range of conversions (typically \<40%). Conversion was calculated on the basis of reacted DBT according to the following equation$$X = \frac{c_{\text{DBT}}(\text{inlet}) - c_{\text{DBT}}(\text{outlet})}{c_{\text{DBT}}(\text{inlet})} \cdot 100\%$$where ${\overset{˙}{n}}_{\text{DBT}}$ is the concentration of DBT at the reactor inlet and outlet, respectively. The selectivity for the DDS pathway was based on the BP product, while the selectivity for the HYD pathway was based on the sum of 4HDBT, CHB, and BCH. Selectivities were calculated as follows$$S_{\text{DDS}} = \frac{c_{\text{BP}}}{c_{\text{BP}} + c_{4\text{HDBT}} + c_{\text{CHB}} + c_{\text{BCH}}} \cdot 100\%$$$$S_{\text{HYD}} = \frac{c_{4\text{HDBT}} + c_{\text{CHB}} + c_{\text{BCH}}}{c_{\text{BP}} + c_{4\text{HDBT}} + c_{\text{CHB}} + c_{\text{BCH}}} \cdot 100\%$$where *c~i~* is the concentration of the respective product at the outlet of the reactor. Rates were directly calculated from selectivity and conversion according to the following equations$$r_{\text{DBT}} = \frac{X}{100\%} \cdot \frac{{\overset{˙}{n}}_{\text{DBT}}(\text{inlet})}{m_{\text{cat}}}$$$$r_{\text{DDS}} = \frac{S_{\text{DDS}}}{100\%} \cdot \frac{X}{100\%} \cdot \frac{{\overset{˙}{n}}_{\text{DBT}}(\text{inlet})}{m_{\text{cat}}}$$$$r_{\text{HYD}} = \frac{S_{\text{HYD}}}{100\%} \cdot \frac{X}{100\%} \cdot \frac{{\overset{˙}{n}}_{\text{DBT}}(\text{inlet})}{m_{\text{cat}}}$$where *X* and *S*~i~ are the conversion and selectivity, respectively; ${\overset{˙}{n}}_{\text{DBT}}(\text{inlet})$ is the molar flow of DBT at the reactor inlet; and *m*~cat~ is the catalyst mass. Note that the resulting rates are considered as initial rates, irrespective of conversion, because DBT consumption followed an apparent zero-order dependence in DBT. Further, DDS and HYD selectivities were not dependent on conversion (see fig. S7).
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